Purpose: To evaluate the effects of two cycles of vagus nerve stimulation (VNS), 30 s/5 min and 7 s/18 s on the interictal epileptiform discharges (IEDs). Methods: Twenty patients were studied, 12 with generalized and 8 with partial seizures. An EEG of 120 channels was performed during 3 different conditions, each one lasting 30 min: basal state (BS), 30 s/5 min and 7 s/18 s VNS cycles. The number and duration of IEDs, time of IEDs in 1 min (TIEDM), IEDs/NIEDs index and the spikefree period (SFP) were determined. Results: In 16 patients (80%), IED decreased during 30 s/5 min cycle (Group 1) and increased in 4 (Group 2). In Group 1, during the 30 s/5 min cycle the following variables showed a decrease: TIEDM, from 12.64 s to 9.62 s ( p = 0.001); IED/NIED index, from 0.53 to 0.31 ( p = 0.021), and IED duration, from 1.57 s to 1.05 s ( p = 0.015); whereas SFP duration increased from 20.06 s to 37.73 s ( p = 0.008). The decrease in IED was 41% and the increase in SFP 88%. In the 7 s/18 s cycle, only SFP had an increase, 72% ( p < 0.043). In Group 2, an increase in IED during both cycles was found. In the 30 s/5 min cycle, TIEDM increased 56% ( p = 0.042) and IED/NIED index 259% ( p = 0.040). Conclusion: VNS modifies IED in an acute form, in 80% of patients the 30 s/5 min cycle decreases the epileptiform activity and it is not modified by 7 s/18 s cycle. In 20% of patients, both cycles increase the epileptiform activity.
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Introduction
Vagus nerve stimulation (VNS) is a therapy for the treatment of medically intractable epilepsy. Effectiveness in different types of partial seizures and recently in generalized seizures has been observed, with seizure reduction between 30 and 85%. This effect has been demonstrated both in children and adult populations. [1] [2] [3] [4] [5] [6] At the present moment, the precise mechanism of VNS therapy remains to be elucidated. 7, 8 Many studies have been carried out in experimental models and in patients with epilepsy. Using electrophysiological techniques in experimental models, an EEG desynchronization has been induced with high frequency VNS, whereas a synchronization with low frequency VNS has been observed. 9, 10 It has been postulated that VNS activates the reticular system through projections from the nucleus of the solitary tract. 11, 12 In humans, it is possible to observe changes in blood flow and metabolism during VNS in many cortical and thalamic regions in single photon emission tomography (SPECT) and positron emission tomography (PET) studies. [13] [14] [15] Only a few studies have been undertaken to analyze the influence of VNS on the EEG activity in humans. Early studies showed no significant modifications in background EEG or epileptiform activity. [16] [17] [18] However, several recent studies have been published demonstrating that epileptiform activity is modified by VNS. [19] [20] [21] [22] In the first of these works, Koo 19 demonstrated a progressive decrease in the number of spikes and clustering of epileptiform activity in the EEG of patients with partial seizures subject to VNS. In the second study, Kuba et al. 20 found a decrease in IED during the stimulating period when it was compared with baseline; the decrease was more pronounced in patients who presented a reduction in the number of seizures. Recently, it has been reported that chronic VNS modifies brain frequencies during sleep and decreases the duration of interictal epileptiform activity. 21 On the other hand, present VNS parameters have been used only in an empirical form covering a wide range of values for the current, duration, frequency and cycles of stimulation. 23 Therefore, the aim of this study was to analyze acute VNS effects on IED in patients with generalized and partial seizures comparing two stimulation cycles: 30 s/5 min on/off cycle and 7 s/18 s.
Methods

Patient population
We studied 20 patients with different types of epilepsy, both partial and generalized seizures. All patients were medically intractable and take three 616 E. Santiago-Rodríguez et al. 
VNS stimulation characteristics
All patients received a VNS implant at least 6 months before the evaluation, with a range of 7-53 months and an average of 23 months. Chronic stimulation parameters were: current 0.5-2.5 mA, 250 ms pulse width in 8 patients and 500 ms in the other 12. The frequency in 7 patients was 20 Hz and in the remaining 13 was 30 Hz. The 30 s/5 min on/off cycle was used in 17 patients and the 7 s/18 s cycle in 3.
EEG analysis
A high resolution EEG with 120 channels for scalp recordings was used. The EEG recordings were obtained in a quiet room using the Multichannel Medicid System (Neuronic Mexicana, S.A, México). Amplifier characteristics were: gain 10 000 dB, low cut filters at 0.05 Hz and high filters at 70 Hz. One hundred twenty referential leads were recorded using linked earlobes as reference. The impedance was under 5 kV in all electrodes. The sampling frequency was 200 Hz. All EEG phenomena identified as epileptiform activity were selected for analysis. All records lasted 90 min and were divided into three conditions, 30 min each viz.: basal state (BS) with VNS off, 30 s/5 min on/off cycle and 7 s/18 s stimulation cycle. The EEG was visually reviewed; spikes, sharp waves, spike-wave complexes and polispike-wave complexes were considered as epileptiform activity. The characteristics of IEDs were analyzed in each one of the three conditions. The number of IEDs/min, their mean duration, time of interictal epileptiform discharges in one minute (TIEDM), interictal epileptiform discharges/non interictal epileptiform discharges (IEDs/NIEDs) index and spike-free period (SFP) were determined. Every parameter was compared between BS and each one of the VNS cycles; significance between them was determined with a paired t-test. The type and duration of epilepsy, outcome of VNS, cycles of stimulation, output current and VNS frequency were associated with an increase or decrease in epileptiform activity using a Chi squared test.
Results
We studied 20 patients (mean age 22.85 AE 13.48 years), 12 males and 8 females, 12 with generalized and 8 with partial seizures. The mean seizure reduction after VNS implant was of 55.65%. The seizure frequency decreased in 16 (80%) patients in 50% or more. The clinical characteristics of patients are shown in Table 1 .
When the type and duration of epilepsy, type of seizures, outcome of VNS, cycles of stimulation, output current and VNS frequency were correlated with increase or decrease of IEDs in the EEG, we only found an association between the decrease of seizures in response to VNS and a decrease in IEDs in the EEG ( p < 0.05). All other variables had a p > 0.05.
Evaluation of IED in 20 patients with VNS off and on
In the BS condition with VNS off, the mean of IEDs was 7.27/min; its duration, 1.63 s; SFP duration, 23.87 s; TIEDM, 12.81 s, and IEDs/NIEDs index, 0.57. With VNS on, there were no differences between the values of the variables for the 30 s/5 min and 7 s/18 s cycles values and BS. The values for the variables assessing IEDs in the three VNS conditions are shown in Table 2 . The IEDs, evaluated by IED duration, TIEDM and IEDs/NIEDs, decreased in 16 (80%) patients (this group will be referred from now on as Group 1) during the 30 s/5 min stimulation cycle and in the second cycle there was an increase in SFP, the other variables were similar to BS. In four (20%) patients (referred as Group 2) an increment in . The number of IEDs/min (7.12) was similar to the number found in the BS condition. In the 7 s/18 s stimulation cycle all variables except one were similar to those in BS; SPF was the only variable modified, having an increase in duration of 72% ( p = 0.043).
In Group 2, there were four patients with enhanced epileptiform activity in both VNS cycles, although the only significant difference was found in TIEDM. In this group, in the BS condition, the mean of IEDs was 8.45/min; its duration, 1.89 s; SFP duration, 39.09 s; TIEDM, 13.45 s, and IEDs/NIEDs index, 0.74. During the 30 s/5 min stimulation cycle, all variables showed an increase in epileptiform activity; TIEDM increased 56% ( p = 0.042) and IEDs/NIEDs index 259% ( p = 0.040). In the 7 s/18 s stimulation cycle a major increase in epileptiform activity for the same variables was found; TIEDM increased 62% ( p = 0.029) and IEDs/NIEDs index 385% ( p = 0.037). The mean values of each parameter for each state considering the two groups are shown in Table 3 .
When the BS values of the two groups (with increase and decrease in IEDs) were compared, no significant differences were found in any of the parameters ( p > 0.05). On the contrary, for VNS in the 30 s/5 min cycle, a decrease epileptiform activity was found in Group 1, with a IEDs/NIEDs index of 0.31 and an increase in Group 2 to 2.66 ( p = 0.028). With regard to the duration of IEDs, Group 1 presented a value of 1.05 s and Group 2, 2.98 s ( p = 0.033). For the 7 s/18 s cycle, differences were also significant for the same variables; IEDs/NIEDs index was similar to that of basal state in the first group (0.54), but increased notably in the second group to 3.59 ( p = 0.036). The duration of IEDs was similar to that of basal state, 1.60 s in the first group but with a large increase in the second group to 3.55 s ( p = 0.050).
Discussion
The main finding of this study is that different VNS cycles modify in diverse forms the epileptiform activity. In the most of patients (80%), IEDs decreased significantly during 30 s/5 min stimulation cycle and they had not modifications in the 7 s/ 18 s; however, four patients (20%) exhibited an increase in IEDs in both cycles.
Currently, VNS is considered as an effective adjunctive treatment for different types of seizures of patients with intractable epilepsy. In our group, seizures decrease in 50% or more in the 80% of 618 E. Santiago-Rodríguez et al. patients, the mean of seizures reduction after VNS implant was of 56%. This reduction is similar to that observed in other studies where it has shown a decrease in the number of seizures up to 85%. [1] [2] [3] [4] [5] [6] In our study we found an association between clinical improvement in seizure control and decrease in epileptiform activity in the EEG. The other characteristics of seizures and VNS implant were not correlated with a decrease or increase in epileptiform activity.
In two studies where changes in the EEG due to VNS were found, one of them did not show any correlation and the other one reported a significant reduction in IEDs in patients that responded to VNS in comparison to those who did not respond. 19, 20 Therefore, the clinical effectiveness of VNS has been demonstrated, but the action mechanism and relation between the seizures and IED remains unknown. 8 In experimental animal studies, VNS produces a desynchronization in the EEG depending on its frequency and current intensity. The stimulation produces a subsequent decrease or inclusive an abolishment of epileptiform activity. 9, 10 In humans, in spite of a significant decrease in seizures, the first studies did not demonstrate any modification in the background or epileptiform activity in EEG recordings. [16] [17] [18] Only recent studies have demonstrated significant and progressive changes in the epileptiform activity in the EEG.
19-22
Koo 19 has observed that VNS causes progressive changes in interictal epileptiform discharges over time, with clustering and progressively increased periods of SFP. Changes were reported between 3 and 12 months after VNS implant. In our study, all patients had more than 6 months since VNS implant; therefore, they are in a temporal window where changes in epileptiform activity are more visible. In addition, we analyzed the changes in IEDs in response to VNS off/on produced in an acute form and not over time.
The two VNS cycles used in our study modify in diverse forms the epileptiform activity. In patients in whose epileptiform activity was modified in the 30 s/5 min cycle, we found a decrease in its duration with no changes in the number of IEDs. This decrease in the duration is enough to reduce the IEDs/NIEDs index and TIEDM. In addition to the decrease of epileptiform activity, a concomitant clustering effect was found with an increase in SFP up to 88%, in the same stimulation cycle. Our results agree with Koo 19 , who found a clustering effect over time, from 3 months to 1 year after VNS implant. We found that some months after VNS implant, the clustering effect on the EEG is possible to evoke it in acute form with VNS on.
In a previous work, Kuba et al. 20 studied the acute VNS effect in 15 patients with epilepsy during the following periods: baseline, stimulation, interstimulation and prestimulation. A significant reduction of 42% in the number of IEDs in 30 s stimulation period was found and also in the interstimulation period. In the same study, the basal period was studied in 30 s samples in a period of 20 min, in contrast to our study, where over the whole of the 30 min the basal period was quantified, thus, rendering more solid results. In addition, in this study only the number of IEDs was used to evaluate the VNS effect on epileptiform activity. Therefore, the SFP and clustering effect were not studied. We think that the use of TIEDM and IEDs/NIEDs index in addition to the number, duration of IEDs and SFP used in our study give us broader information about the modification of epileptiform activity in the EEG of patients with epilepsy.
It is important to emphasize that the clustering effect does not mean a decrease in epileptiform activity per se. Changes in interictal epileptiform activity can be the result of changes in the number or duration of IEDs. The sum of the number and duration of IEDs is equal to the time in which the patient has epileptiform activity. The relation between the time of epileptiform activity and the time in which there is not epileptiform activity is the IEDs/NIEDs index.
In the Group 1, during the 7 s/18 s cycle we did not find significant decrease in the IEDs, only an increase of SFP was found. Therefore, in patients with acute decrease of epileptiform activity, the 30 s/5 min VNS cycle was more effective than 7 s/18 cycle.
In opposite to group 1, in the 20% of patients (Group 2), an increase in epileptiform activity was found in both VNS cycles. Koo 19 , found that the more prominent changes to VNS were detected in patients with more pronounced epileptiform activity. In our results, although there was a mild increase in TIEDM and IEDs/NIEDs index in BS of Group 2 in relation to Group 1, these differences were not significant.
On the other hand, although the modifications of epileptiform activity by VNS are in agreement with previously attributed desynchronization mechanisms, the methodology and our results are not enough to infer a determined mechanism of action of VNS upon the decrease in epileptiform activity and clustering effect in the EEG. Although the term desyncronization has been commonly used in some experimental studies, 9, 10 it is evident that the elucidation of an EEG synchronization mechanism in humans is not feasible, since in these studies no tools were available to evaluate and measure it. 19 So, to answer this question, the analysis of background EEG activity with appropriate methods to measure phase synchrony are required.
Rizzo et al. 21 reported changes in sleep EEG induced by chronical VNS, with a mean of 13.7 months after VNS implant. Only a significant decrease in the duration of epileptic discharges was found. In this study, the background EEG activity was analyzed and it was found an increase of Delta Absolute Power (AP) in NREM sleep cycles and an increase in Alpha AP in REM and awake cycles. Unfortunately, the frequency analysis only included one derivation (C4-P4) with obvious limitations in space resolution. The analyses by wavelet transform of temporal evolution of EEG bands surrounding the VNS have not shown any significant effects.
On the other hand, although the sample size of our group is small, our results are in agreement with previous studies where the capacity of VNS to modify the interictal epileptiform activity has been established in longer EEG segments. The meaning of decrease of epileptiform discharges in short EEG recording is not clear, however this variable was the only associated with the clinical response. Ebus et al. 22 found a significant correlation between spike-rate in EEG and seizure frequency in severe childhood epilepsies within 2 years post VNS. We think that the effect of VNS shown in segments of only 30 min of EEG, could be the same in longer segments of EEG.
In conclusion, our results point to the 30 s/5 min cycle as capable to modify the epileptiform activiy in an acute form, shown as a decrease in IEDs in 80% of patients. The 30 s/5 min and 7 s/18 s cycles produced in a reduced number of patients (20%), an increase in epileptiform activity, most evident in the 7 s/30 s cycle.
